INTRODUCTION {#S1}
============

Urban stormwater runoff is a recognized contributor to surface water impairment in the United States.^[@R1],[@R2]^ Nutrients, heavy metals, bacteria, chlorophenols, and polycyclic aromatic hydrocarbons (PAHs) are commonly reported in stormwater runoff.^[@R3]-[@R12]^ Limited research has shown that stormwater also can contain contaminants such as pesticides, pharmaceuticals, personal care products, alkyphenol surfactants, and phthalates.^[@R13]--[@R16]^ Stormwater runoff is often collected in retention ponds and constructed wetlands where additional contaminants, such as methylmercury (MeHg), can be produced at rates similar to those seen in natural wetlands.^[@R17]^ Stormwater runoff events discharging into rivers and reservoirs can adversely affect macroinvertebrates,^[@R18]^ particularly benthic organisms,^[@R19]--[@R21]^ and may pose a risk to human health through recreational exposures or possible harvesting of aquatic or terrestrial organisms.^[@R10],[@R18],[@R20]--[@R25]^

Municipalities and water-management agencies worldwide are increasingly using stormwater control measures (SCMs) at various scales to minimize contaminant transport to receiving waterbodies, reduce stormwater volumes, collect stormwater for reuse, and increase groundwater recharge.^[@R26]--[@R34]^ Current storm-water reuse applications range from indirect potable reuse through enhanced aquifer recharge to creation of stormwater-retention wetlands/ponds/lakes that provide aquatic habitats and serve as recreational locations in urban settings or are used as a water source for irrigation in urban and agricultural landscapes. A recent review of \>100 studies indicated that SCMs can be an effective approach for reducing concentrations of select contaminants, including total suspended solids, nutrients, copper, and zinc.^[@R35]^ At the national scale, however, little is known about the potential chemical exposures resulting from organic and inorganic contaminants in urban stormwater runoff or the potential effects on groundwater/surface water quality or ecosystem health.

To address this nationwide data gap, the U.S. Geological Survey and U.S. Environmental Protection Agency, in collaboration with municipalities, conducted a national-scale study of 438 organic (e.g., biogenic hormones, halogenated chemicals, household/industrial chemicals, methylmercury, pesticides, pharmaceuticals, and semivolatiles) and 62 inorganic (e.g., anions, cations, rare-earth elements, trace metals, and total mercury) chemicals in urban stormwater. This article analyzes results from 50 storm events at 21 sites across the U.S. to better understand the contaminant contribution of stormwater to surface water, groundwater, and the potential contaminant-exposures to sensitive organic receptors. In addition, correlations between select ancillary stormwater/catchment characteristics and the less understood organic chemicals were analyzed to better understand the factors that control organic-chemical concentrations. This research provides a foundation for future investigations of fate, exposure, toxicity, and risk from stormwater-contaminant mixtures discharged to surface waterbodies or infiltrated to groundwater.

MATERIALS AND METHODS {#S2}
=====================

Urban Stormwater Runoff Sites. {#S3}
------------------------------

From August 2016 to December 2017, 50 stormwater samples and 7 field quality-assurance samples were collected across 21 sites in 17 states ([Figure SI--1](#SD2){ref-type="supplementary-material"} and [Table SI--1](#SD1){ref-type="supplementary-material"}). Sample sites were in stormwater conveyance infrastructure that discharged mixed stormwater runoff from buildings, parking lots, roads, and other infra-structure in residential, commercial, and industrial landscapes prior to surface water discharge or groundwater infiltration. Samples were collected in conveyance infrastructure constructed of concrete culverts that were buried underground, open concrete canals, or open dirt channels ([Table SI--1](#SD1){ref-type="supplementary-material"}). Catchment areas ranged from 0.1 to 1 000 km^2^ ([Figure SI--2A](#SD2){ref-type="supplementary-material"}). A total of 18 of 21 sites were characterized by \>90% developed (cumulative developed low-medium-high intensity and urban open space) land-use/land-cover based on the 2011 National Land Cover Data set (LULC, [Figure SI--2B](#SD2){ref-type="supplementary-material"}).^[@R36]^ In total, 13 (62%) of the 21 sample sites discharged to surface water, whereas the remainder infiltrated stormwater to groundwater. State abbreviations were used as field names with concatenated "-I" to indicates sites that infiltrated stormwater to groundwater. For all sites, sampling occurred in conveyance infrastructure at or near outfalls before discharge to urban surface water networks or upstream of SCMs prior to treatment and infiltration.

Sampling Protocols. {#S4}
-------------------

Sampling equipment, tubing, and composite-sample containers used to collect stormwater were (1) cleaned using tap water and anionic detergent and thoroughly rinsed with tap water followed by deionized water, (2) soaked overnight in a 5% hydrochloric acid bath, (3) rinsed with pesticide-free methanol, and (4) air-dried and placed in clean reclosable plastic bags.^[@R37]^ In total, 43 flow-weighted composite samples were collected at 14 sites using refrigerated-automated samplers (Teledyne, Thousand Oaks, CA) and 7 time-weighted composite samples were collected manually (1000 mL collected every 10 min at the beginning of the runoff event) using a polytetrafluoroethylene DH-81 isokinetic water-quality sampler ([Table SI--1](#SD1){ref-type="supplementary-material"}).^[@R37]^ Both automated and manual sampling approaches targeted a 10-L composite sample (consisting of 10--30 subsamples of 250--1000 mL each) collected across the storm-runoff hydrograph ([Figure SI--3](#SD2){ref-type="supplementary-material"}).

Automated samplers were equipped with polytetrafluoro-ethylene tubing and intake screens, 30 cm in length silicone peristaltic-pump tubing, and a 10-L glass container. Four sampling sites (AZ1, AZ2, CA1, and CA2-I) with ongoing automated-sampler monitoring efforts had dedicated poly-ethylene tubing. Automated samplers were programmed to perform a field rinse of the sample tubing from the intake screen to the peristaltic pump head upon initiation and prior to collection of each subsample. Retrieval of composite samples occurred within 48 h of sample collection. Composite samples were labeled, double bagged, and shipped overnight on ice to the laboratory for processing and splitting into subsamples for analyses. A 14-L polytetrafluoroethylene churn-splitter was used to split composite samples into subsamples for specific chemical analyses with all subsamples analyzed at U.S. Geological Survey laboratories using published methods ([Table SI--2](#SD1){ref-type="supplementary-material"}). Additional information on the calculation of storm-event discharges, organic-chemical loads and yields, and statistical analysis are provided in the [Supporting Information](#SD2){ref-type="supplementary-material"}.

Analytical Methods. {#S5}
-------------------

Eight analytical methods were used to determine concentrations of 438 organic chemicals in urban stormwater samples, including 109 liquid chromatography-tandem mass spectrometry (LC-MS/MS) pharmaceuticals and related chemicals,^[@R38]^ 21 gas chromatography-tandem mass spectrometry (GC-MS/MS) hormones and related chemicals,^[@R39]^ 67 GC-MS household and industrial chemicals,^[@R40]^ 147 GC-MS and LC-MS/MS pesticides,^[@R41],[@R42]^ 56 GC-MS semivolatile chemicals,^[@R43]^ methylmercury,^[@R44]^ and 60 GC-MS halogenated chemicals ([Table SI--3](#SD1){ref-type="supplementary-material"}; method details in the [Supporting Information](#SD2){ref-type="supplementary-material"}). Samples were analyzed for 62 inorganic chemicals/parameters, including alkalinity, concentrations of anions and cations,^[@R45]^ trace elements and rare-earth elements,^[@R46]^ total mercury,^[@R47]^ and stable isotopes of oxygen and hydrogen.^[@R48],[@R49]^

All analytical data are available in the U.S. Geological Survey National Water Information System at <http://dx.doi.org/10.5066/F7P55KJN> or in the associated data releases that follow the Public Access Plan.^[@R50],[@R51]^

Quality Assurance. {#S6}
------------------

Quality-assurance (QA) samples typically consisted of 10% laboratory reagent water blanks and reagent water spikes, three field equipment blanks, and four field replicates ([Tables SI--4](#SD1){ref-type="supplementary-material"}--[SI--8](#SD1){ref-type="supplementary-material"}). Equipment blanks were prepared in the field and the laboratory by processing certified organic and inorganic blank water through the sampling equipment in the same manner that field samples were collected and processed ([Table SI--6](#SD1){ref-type="supplementary-material"}). In addition, isotope-dilution standards (iDSs) or surrogate compounds were added to all organic samples prior to extraction or analyses. Chemical concentrations falling outside the calibration range for each method (i.e., exceeding the analytical calibration curve or falling between the limit of quantitation (LOQ) and long-term method detection limit (LT-MDL)) were considered estimated detections with reduced precision and accuracy and included as is herein. Of the 3 563 total detections, approximately 25% exceeded the highest-calibration point and approximately 27% were estimated between the LOQ and LT-MDL. Field detections less than blank sample concentrations were reported as nondetections, and the LOQ was raised to the concentration of the blank sample. Only *N,N*-diethyl-*meta*-toluamide (DEET) and phenol had field blank concentrations exceeding their LOQ(40 and 160 ng/L, respectively). All DEET and phenol data were retained in this paper, but the LOQ were raised (47 ng/L and 511 ng/L, respectively) and 38 concentrations of DEET and 10 concentrations of phenol that were \<10 times the blank concentration were coded "V" (but used in interpretations) to indicate that the reported concentration may be influenced by contribution occurring during collection or analysis.

Median relative percent differences (RPDs) for replicate samples of organic chemicals ranged from 4% for GC-MS/MS biogenic hormones, GC-MS pesticides, and LC-MS/MS pesticides to 18% for GC-MS household and industrial chemicals ([Table SI--7](#SD1){ref-type="supplementary-material"}). Median RPDs were 1--5% for total mercury, alkalinity, anions, trace elements, and methylmercury ([Table SI--7](#SD1){ref-type="supplementary-material"}). Larger RPDs generally occurred in low-concentration samples. Overall median recoveries for laboratory reagent-spike samples ranged from 77 to 100% for organic methods ([Table SI--8](#SD1){ref-type="supplementary-material"}). Median recoveries for IDS and surrogate standards ranged 72--106% for 5 of 7 trace organic methods; recoveries for the other two methods, GC-MS halogenated chemicals and GC-MS/MS hormones, were 47% and 61%, respectively ([Table SI--8](#SD1){ref-type="supplementary-material"}). Additional quality-assurance data for anions, cations, and trace elements can be found in the associated data releases.^[@R50],[@R51]^

RESULTS AND DISCUSSION {#S7}
======================

Organic Chemical Mixtures in Urban Stormwater Runoff. {#S8}
-----------------------------------------------------

Increased implementation of stormwater capture and reuse as a common method of stormwater management underscores the importance of assessing organic contamination in urban stormwater and potential risks to surface water, aquatic organisms, and groundwater. Of the 438 organic chemicals analyzed, 215 (49%) were detected in one or more stormwater samples ([Table SI--9](#SD1){ref-type="supplementary-material"}) with 223 (51%) not detected in any sample ([Table SI--10](#SD1){ref-type="supplementary-material"}). The number of organic chemicals detected in a single stormwater sample ranged from 18 to 103 (median = 73; [Figure 1A](#F1){ref-type="fig"}). Pesticides were the most frequently detected chemical group (accounting for 35% of total detections; [Figure 1A](#F1){ref-type="fig"}). Cumulative organic-chemical concentrations of samples ranged from 4 370 ng/L to 263 000 ng/L (median = 48 500 ng/L); with 7 samples having a total concentration exceeding 100 000 ng/L ([Figure 1B](#F1){ref-type="fig"}). Of the 215 organics detected, 69 (32%) were frequently detected in \>50% of samples ([Figure 2](#F2){ref-type="fig"}). The 69 frequently detected organic chemicals accounted for 70% of the cumulative total 3 563 detections ([Figure SI--4A](#SD2){ref-type="supplementary-material"}) and were composed of 21 pesticides, 16 PAHs, 11 industrial chemicals, 11 household chemicals, 5 nonprescription pharmaceuticals, 3 plant/animal sterols, and 2 prescription pharmaceuticals ([Figure 2](#F2){ref-type="fig"}). The 69 frequently detected organic chemicals that accounted for 70% of the total detections also accounted for 90% of the cumulative organic-chemical concentration ([Figure 2](#F2){ref-type="fig"} and [Figure SI--4A](#SD2){ref-type="supplementary-material"}). Concentrations of the 215 detected organic chemicals spanned over 6 orders of magnitude from less than 1.0 to over 100 000 ng/L ([Figure 3A](#F3){ref-type="fig"}).

Eleven organic contaminants were pervasive across all samples (\>90% detection): DEET (insect repellent, 98%), nicotine (alkaloid stimulant, 98%), caffeine (psychoactive stimulant, 96%), carbendazim (broad-spectrum fungicide and benomyl metabolite, 94%), methyl-1H-benzotriazole (corrosion inhibitor, 92%), p-cresol (wood preservative, 92%), cotinine (nicotine metabolite, 92%), desulfinyl fipronil (fipronil-insecticide metabolite, 90%), bisphenol A (plastics, paper receipts, and epoxy resin production, 90%), fluoranthene (PAH, 90%), and pyrene (PAH, 90%). Combined results from two recent studies in California and Minnesota have documented similar detection frequencies of these 11 storm-water contaminants.^[@R13],[@R16]^ Although pesticides were the most frequently detected chemical group in the current study (accounting for 35% of all detections), they only accounted for 5% of the total organic concentrations, whereas PAHs accounted for 19% of total detections and 33% of total concentrations ([Figures 1A](#F1){ref-type="fig"} and [3B](#F3){ref-type="fig"} and [Figure SI--4B](#SD2){ref-type="supplementary-material"}). Of the 16 frequently detected PAHs, benzo\[*a*\]anthracene, chrysene, benzo\[*a*\]pyrene, benzo\[*b*\]fluoranthene, benzo\[*k*\] fluoranthene, and indeno\[1,2,3-*cd*\]pyrene are designated as probable human carcinogens and 13 are designated priority pollutants.^[@R52]^ Six of the frequently detected PAHs had maximum concentrations of \>10 000 ng/L, including fluoranthene (36 700 ng/L), pyrene (29 100 ng/L), phenanthrene (28 800 ng/L), benzo\[*b*\]-fluoranthene (18 500 ng/L), chrysene (14700 ng/L), and benzo\[*a*\]pyrene (13 500 ng/L) ([Figure 2](#F2){ref-type="fig"}). For two of these PAHs (pyrene and benzo\[*a*\]pyrene), previous research documented acute biological effects to embryo-larva of the pacific oyster following exposure to concentrations of 5 000 ng/L in the laboratory.^[@R53]^ In addition, PAH concentrations measured for our study were substantially larger (∑PAHs up to 180 000 ng/L, with 42% of sites \>10 000 ng/L) than concentrations in runoff from unsealed-asphalt pavement (∑PAHs ranged from 160 to 340 ng/L) and similar to concentrations in runoff from parking lots treated with coal-tar and asphalt-emulsion sealcoats (∑PAHs ranged from 3 800 to 21 000 ng/L).^[@R10],[@R11]^ Thus, the frequency and concentrations of PAHs measured in urban stormwater runoff are of concern considering the documented detrimental effects of coal-tar based sealcoats and PAHs on terrestrial and aquatic ecosystems.^[@R54]--[@R61]^

Concentrations of 21 frequently detected (\>50%) pesticides spanned 5 orders of magnitude from \<1 to \>10 000 ng/L ([Figure 2](#F2){ref-type="fig"}). Detected pesticides with maximum concentrations \>1000 ng/L including carbendazim (fungicide, 9 570 n g/L), pentachlorophenol (restricted-use insecticide, 3 500 ng/L), and diuron (urea herbicide, 1 790 n g/L) were measured at substantially larger (\>1 magnitude) concentrations than previously reported in stormwater runoff from residential and commercial catchments in Wisconsin and Minnesota.^[@R13],[@R14]^ Carbendazim has been shown to alter gene expression related to oxidative stress, apoptosis, and immune and endocrine disruption in aquatic organisms during larvae development when exposed to concentrations as low as 4 000 ng/L.^[@R62]^ Extensively used agricultural herbicides atrazine and metolachlor, dithiopyr (pre-emergent), DCPMU (diuron degradate), along with the insecticides imidacloprid (neonicotinoid) and fipronil (broad-spectrum), generally ranged in concentration from 3 to 300 ng/L ([Figure 2](#F2){ref-type="fig"}). Recent studies also documented similar concentrations for atrazine and metolachlor in storm-water runoff from a residential landscape^[@R13]^ and imidacloprid and fipronil concentrations in urban creeks sampled during runoff events.^[@R13],[@R63]^ Temporally increasing imidacloprid detection has been reported in urban streams and attributed to increased home and garden use.^[@R64]^

In our study, 74% (37) of the detected imidacloprid concentrations exceeded the 10 ng/L U.S. EPA chronic aquatic life benchmark (ALB) for invertebrates, and 44% (22) of detected fipronil concentrations exceeded the 11 ng/L ALB.^[@R65]^ The frequently detected banned insecticides, technical chlordane (cis-chlordane, trans-chlordane, trans-nonachlor, cis-nonachlor) and dieldrin, restricted-use insecticide chlorpyrifos, and the pentachlorophenol degradant pentachloroanisole generally ranged in concentration from 0.2 to 14 ng/L. The historical targeted treatment of urban residential and commercial properties with now banned insecticides for uses such as termite control (i.e., technical chlordane, USA banned \>30 years) can provide a continuous source of these persistent legacy insecticides.^[@R66]^ The frequent detection of such legacy insecticides illustrates the importance of continued monitoring and management of persistent compounds that are no longer used but may still pose aquatic or human health risks.^[@R67]^

Urban stormwater is frequently contaminated with human waste via sources such as leaks from aging-sewage infra-structure.^[@R68]^ The frequent detection of prescription pharmaceuticals (i.e., metformin 73%) and nonprescription pharmaceuticals (i.e., acetaminophen 84% and lidocaine 69%) in this study also suggests a potential human waste component in stormwater. Although 27 prescription pharmaceuticals were detected at least once in stormwater samples ([Table SI--9](#SD1){ref-type="supplementary-material"}), only 2 were detected in \>50% of samples, metformin and methenamine ([Figure 2](#F2){ref-type="fig"}). Guanylurea (metformin degradate) was detected in 27% of samples. Metformin is a prevalent environmental contaminant^[@R69]--[@R71]^ with documented health effects to fish.^[@R71]--[@R73]^ The median metformin concentration (102 n g/L) in our study (herein, all reference to median values are based on distribution of detected concentrations) distribution was about 7 times higher than from a previous study of urban stormwater.^[@R13]^ Two antibiotic concentrations of 6 030 ng/L for sulfamethoxazole and 3 420 ng/L for methenamine were the highest measured prescription pharmaceuticals in stormwater samples. Research has documented negative effects on growth, nitrate reduction activity, and microbial community structure from exposure to sulfamethoxazole at concentrations as low as 1 110 ng/L.^[@R74],[@R75]^

Caffeine and nicotine were the most frequently detected (\>96%) nonprescription pharmaceuticals and measured at the highest concentrations (maximum of 32 200 ng/L and 18 300 ng/L, respectively), composing 89% of the total nonprescription pharmaceutical concentration. When including their degradants (dimethylxanthine and cotinine), caffeine and nicotine comprised 96% of the total nonprescription pharmaceutical concentration. There are multiple pathways within the urban landscape for caffeine and nicotine (and their degradants) to enter stormwater including the improper disposal of caffeinated products and cigarette butts^[@R76]^ and leaking sewage infrastructure.^[@R68]^ Median detected concentrations of caffeine (942 ng/L), nicotine (782 ng/L), and acetaminophen (113 n g/L) measured in composite stormwater samples for this study were generally 4 times larger than median concentrations (207, 205, and 23.9 ng/L, respectively) reported in a recent stormwater study (using identical analytical methods) in which grab samples were collected.^[@R13]^

Overall, polychlorinated biphenyl/polybrominated diphenyl ethers (PCB/PBDEs) and biogenic hormones were detected less frequently and at lower concentrations than other chemical groups ([Figures 1A](#F1){ref-type="fig"} and [3B](#F3){ref-type="fig"}), possibly in part from restricted PCB/PBDE use and limited sources of biogenic hormones across the urban landscape. The most frequently detected congeners were PBDE (22%) and PCB 138 (18%). Total PCB/ PBDE concentrations in 12 samples from 6 sites ranged from 2 to 84 ng/L, with 6 samples exceeding the 14 ng/L chronic ALB for freshwater species.^[@R77]^ cis-Androsterone was the most frequently detected (24%) biogenic hormone in this study and had a maximum concentration of25 ng/L. Effects from exposure to cis-androsterone and other biogenic hormones in urban streams at low ng/L (5 ng/L) concentrations have been linked to reproductive and physiological effects in fish.^[@R78]^

Results indicate that urban stormwater is transporting an extensive mixture of organic contaminants with highly variable individual-component concentrations ([Figures 1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}). The potential environmental effects from exposure to individual chemicals or chemical mixtures in stormwater samples are currently unknown or not well understood.^[@R79]^ The organic chemicals detected in stormwater cause concern for aquatic organisms because many of the chemicals persisting in the environment are known carcinogens (PAHs and PCBs), bioactive (pesticides and pharmaceuticals), or hormonally active (biogenic hormones). The multiple detections per site (median of 73 compounds), the ng/L to *μ*g/L individual concentrations, and sites with cumulative mixture concentrations exceeding 100 000 ng/L are concerning as adverse environmental effects have been documented for some individual designed-bioactive contaminants even at low ng/L concentrations.^[@R72],[@R79]--[@R82]^ This study provides a snapshot of stormwater runoff derived from randomly sampled sites and sampling days from across the U.S. and measured concentrations could vary temporally and spatially.

Influence of Hydrologic and Watershed Characteristics on Organic-Chemical Compositions, Concentrations, Loads, and Yields. {#S9}
--------------------------------------------------------------------------------------------------------------------------

Hydrologic/watershed characteristics ([Table SI--1](#SD1){ref-type="supplementary-material"}) and LULC metrics from the NLCD^[@R36]^ ([Table SI--11](#SD1){ref-type="supplementary-material"}) were used to assess relations of these characteristics with cumulative-organic chemical detections, concentrations, loads ([Table SI--12](#SD1){ref-type="supplementary-material"}, [Figure SI--5](#SD2){ref-type="supplementary-material"}), and yields ([Table SI--13](#SD1){ref-type="supplementary-material"}, [Figure SI--6](#SD2){ref-type="supplementary-material"}). Spearman rank-order correlation identified significant (*p*-value \<0.05) correlations between cumulative detections in storm-water samples and selected hydrologic/watershed characteristics ([Table SI--14](#SD1){ref-type="supplementary-material"}). There were positive correlations observed between cumulative detections and drainage area (*p*-value = 0.026, *ρ* = 0.317), developed high-intensity LULC (*p*-value \<0.001, *ρ* = 0.492), and impervious LULC (*p*-value = 0.009, *ρ* = 0.368). Positive correlations were identified between cumulative concentrations in stormwater samples and developed high-intensity LULC (*p*-value = 0.014, *ρ* = 0.350, [Table SI--15](#SD1){ref-type="supplementary-material"}) and impervious LULC (*p*-value = 0.015, *ρ* = 0.346). Negative correlations were identified between cumulative concentrations and storm-event precipitation (*p*-value = 0.021, *ρ* = −0.328) and runoff volumes (*p*-value = 0.048, *ρ* = −0.284), emphasizing the importance of precipitation dilution as a potential control on stormwater organic contamination.

Expected positive correlations were observed between organic-chemical loads and site-specific runoff volumes (*p*-value \<0.001, *ρ* = 0.883), drainage areas (*p*-value \<0.001, *ρ* = 0.594), and storm event precipitation (*p*-value = 0.006, *ρ* = 0.385, [Table SI--16](#SD1){ref-type="supplementary-material"}). A positive correlation also was observed between organic-chemical loads and duration of antecedent dry days (*p*-value = 0.009, *ρ* = 0.368), consistent with previous findings that the duration of antecedent dry days is a driver of stormwater contaminant input.^[@R8]^ A negative correlation was present between cumulative stormwater loads and developed low-intensity *(e.g.,* residential) LULC (*p*-value = 0.008, *ρ* = −0.376). Positive correlations were identified between cumulative yields (load per unit area) and developed medium-intensity LULC (*p*-value = 0.014, *ρ* = 0.350), developed high-intensity LULC (*p*-value 0.001, *ρ* = 0.456), and impervious LULC (*p*-value \<0.001, *ρ* = 0.528, [Table SI--17](#SD1){ref-type="supplementary-material"}). These results, which were generated using the largest national data set on organic stormwater contaminants to date, are consistent with previous studies with limited sites, geography, and chemical coverage and support the utility of LULC metrics as predictors of mixed-organic-contaminant complexity and the importance of developed LULC and impervious surfaces as stormwater-contaminant sources.^[@R14],[@R83]^

Comparison of Organic Contamination in Urban Stormwater Runoff, Streams, and Treated Wastewater Discharge. {#S10}
----------------------------------------------------------------------------------------------------------

Streams across the U.S. contain a diverse mixture of organic chemicals.^[@R83]--[@R85]^ How compositions and concentrations of organic chemicals in U.S. streams compare with those in urban stormwater runoff is poorly documented, however. A comparison of results of the present stormwater study with a previous national study of 38 agricultural/developed impacted streams^[@R83]^ (most organic chemicals analyzed using identical analytical methods) revealed many of the same chemicals in both stormwater runoff and agricultural/developed impacted streams with concentrations generally an order of magnitude greater in untreated stormwater runoff assessed in this study. A greater detection frequency (86%) and higher maximum concentrations (331 ng/L) of imidacloprid (agricultural and urban neonicotinoid insecticide) were observed in urban stormwater compared to a previous study of agricultural streams in the Midwestern U.S. following precipitation events (23% and 42.7 ng/L, respectively).^[@R84]^

Concentrations and loads observed in urban stormwater samples were compared with those reported in wastewater treatment plant (WWTP) effluent (a source that is systematically monitored and regulated) to assess the relative contribution of untreated stormwater (infrequently monitored and regulated) as an episodic source oforganic contamination to surface waters. Such a comparison revealed concentrations of pesticides (i.e., atrazine, carbendazim, diuron, and metolachlor) were generally larger in untreated stormwater samples compared with previous studies of pesticides in treated effluent from WWTPs.^[@R86],[@R87]^ However, the range of imidacloprid concentrations (4.9 to 331 ng/L, mean 48.2 ng/L) in our study were similar to those reported in a study of effluent from 13 WWTPs in the U.S. (20 to 143 ng/L, mean 48.6 ng/L).^[@R88]^ Comparison with two previous studies on the occurrence and fate of PAHs in treated wastewater effluent^[@R89],[@R90]^ revealed 2 to 3 orders of magnitude greater PAH concentrations in urban stormwater. A global comparison of urban stormwater in our study to WWTP effluent in Asia, North America, Europe, and Italy^[@R87],[@R91]--[@R96]^ revealed: larger concentrations in urban stormwater for PAHs and bisphenol A; similar measured concentrations for metformin, acetaminophen, caffeine, lidocaine, household chemicals (DEET, tri(2-chloroethyl) phosphate, benzophenone, camphor, and triphenyl phosphate); and generally smaller concentrations in urban stormwater for prescription pharmaceuticals, cotinine, and biogenic hormones compared to WWTP effluent.

The length of the single-event storm durations ranged from 0.3 to 48 h with a median storm-event duration of 5 h ([Table SI--1](#SD1){ref-type="supplementary-material"}). Single-event total organic-chemical loads observed in urban stormwater spanned 5 orders of magnitude ranging from 4.0 to 104 500 g, with a median of 176 g ([Figure SI--5](#SD2){ref-type="supplementary-material"}, [Table SI--12](#SD1){ref-type="supplementary-material"}). By comparison, a study of 42 priority pollutants (including PAHs, industrial chemicals, and PCBs) in treated effluent from a WWTP with a daily treatment capacity of up to 30 million L/day from a highly industrial (44%) sewage grid reported a total load of 825 g/day (industrial chemicals 819 g/day, PAHs = 5.6 g/day, PCBs = \<0.1 g/day).^[@R97]^ Twenty-eight storm events in our study (median duration of 2.5 h) produced runoff volumes between 1 to 25 million L and contributed total loads up to 725 g for industrial chemicals, 562 g for PAH, and 0.5 g for PCBs. Eight storm events in this study (median duration of 7 h) produced runoff volumes ranging from 0.1 to 2.5 billion L and contributed substantially higher (up to 40 times) total industrial chemical loads (range 165 to 40 100 g, [Table SI--12](#SD1){ref-type="supplementary-material"}; mean 8 200 g, [Figure SI--7](#SD2){ref-type="supplementary-material"}).

A previous study of 21 PAHs and 13 PCBs in treated wastewater effluent from a larger-scale WWTP with a daily treatment capacity of 1.3 billion L/day from a domestic (85%) sewage grid reported a total load of 703 g/day (PAHs 700 g/day, PCBs 3 g/day).^[@R90]^ In the present study, large single-event (7 h median duration) untreated urban runoff volumes (0.1 to 2.5 billion L) contributed substantially larger total PAH loads that ranged from 9.6 to 2 820 g (mean 822 g, [Figure SI--7](#SD2){ref-type="supplementary-material"}) and substantially larger total PCBs loads up to 211 g (mean 27.1 g) than daily loads from WWTPs. In a national mass-balance assessment of neonicotinoid insecticides in 13 WWTPs across the U.S., imidacloprid was shown to persist through the wastewater treatment process of one example WWTP (870 million L/day treatment capacity) with loads of 12 g/day to surface waters.^[@R88]^ Imidacloprid loads in untreated urban stormwater samples were generally larger and ranged from 2 to 68 g (mean 19 g) in large single-event stormwater runoff volumes (0.1--2.5 billion L). In contrast, a comparison of prescription pharmaceutical and biogenic hormone loadings in the present stormwater study with two comprehensive reviews of WWTP loads^[@R98],[@R99]^ suggests generally lower pharmaceutical and biogenic hormone loadings from stormwater.

Organic-chemical concentrations and loads from single-event runoff volumes that were similar to daily treated volumes for WWTPs indicate that untreated urban stormwater potentially contributes (1) substantially larger loads of PAHs, pesticides, and PCBs; (2) similar loads of household chemicals, industrial chemicals, and nonprescription pharmaceuticals; and (3) generally smaller loads of prescription pharmaceuticals, biogenic hormones, and plant animal sterols. The results indicate untreated stormwater is an important episodic source to surface waters of organic contaminants at levels comparable to and often exceeding those from the well-recognized, persistent treated WWTP effluent sources.

Inorganic Characterization of Urban Stormwater Runoff. {#S11}
------------------------------------------------------

In general, the inorganic chemical concentrations in the urban stormwater samples were relatively dilute as suggested by specific conductance values that ranged from 38 to 1 074 *μ*S/ cm (median of 164 *μ*S/cm) and low concentrations of trace elements, anions, and cations ([Figure SI--8](#SD2){ref-type="supplementary-material"}, [Tables SI--18](#SD1){ref-type="supplementary-material"} and [SI--19](#SD1){ref-type="supplementary-material"}).^[@R50],[@R51]^ Chloride (Cl^−^) and bicarbonate (HCO~3~^−^, as alkalinity) were the most abundant anions ranging from 817 to 196 000 *μ*g/ L and 22 700 to 379 000 *μ*g/L, respectively ([Table SI--19](#SD1){ref-type="supplementary-material"}). By comparison, Cl^−^ ranged from 46 000 to 199 000 μg/L in a study of tertiary treated wastewater effluent.^[@R100]^ No stormwater Cl^−^ concentrations exceeded the 230 000 *μ*g/L chronic ALB.^[@R77]^ Sulfate (SO~4~^2−^) in stormwater had a maximum of 102 000 *μ*g/L. Fluoride and phosphate (PO~4~^3−^) were both rarely observed in detectable concentrations (each detected in two samples). Dissolved phosphorus (P) was detected in all samples with concentrations that ranged from 4 to 778 *μ*g/L with a median = 92 *μ*g/L, with 73% of the stormwater samples exceeding the total P criteria of 37 *μ*g/L for scenic rivers in states developing numeric water-quality criteria for total phosphorus.^[@R101]^ Elevated levels of nutrients, such as P, and PO~4~^3−^ can cause water-quality and ecological problems in aquatic systems including fish kills, toxic algal blooms, depleted oxygen, and loss of biodiversity of species important for commerce and recreation.^[@R102]^ Decreasing P inputs to surface waters is a priority for many stormwater managers and SCM projects.^[@R103]^

The major cation composition of urban stormwater was dominated by Na+ and Ca^2+^ ([Table SI--19](#SD1){ref-type="supplementary-material"}). The maximum Ca^2+^ concentration of89 200 *μ*g/L was measured in the same water as the maximum alkalinity, whereas the maximum Na^+^ concentration of 95 900 *μ*g/L was measured in the same water as the maximum Cl^−^ concentration. Magnesium (Mg^2+^) concentrations ranged from 488 to 26 800 *μ*g/L, with the highest concentration found at MN-I, a calcium-carbonate dominated water. Both Ca^2+^ and Mg^2+^ are considered beneficial components of drinking water and provide numerous health benefits.^[@R104]^ In contrast, there is global concern about the increasing salinization of freshwater from anthropogenic sources, such as road deicing salt,^[@R105],[@R106]^ and the costs associated with the loss of ecosystem services, biodiversity, recreational opportunities, and effects on human health.^[@R107]^ Cl^−^ and Na^+^ concentrations in our national study, which included stormwater samples collected across all seasons and all climates, were substantially smaller than those reported in urban stormwater from sites in cold climates^[@R108]^ and similar to concentrations in previous stormwater studies.^[@R106],[@R109]^

Dissolved metals measured in the present stormwater study are more likely than particulate-associated metals to infiltrate into groundwater when stormwater is infiltrated into the subsurface.^[@R110]^ According to a recent study, cadmium (Cd), chromium (Cr), lead (Pb), manganese (Mn), aluminum (Al), and iron (Fe) in stormwater can pose human or recreational health risks even at low concentrations when heavy metals are present as a mixture.^[@R23]^ Median concentrations for Cd, Cr, Pb, Mn, Al, and Fe in the stormwater samples from this study were lower than the concentrations predicted from previous research to cause negative effects to aquatic organisms ([Tables SI--18](#SD1){ref-type="supplementary-material"} and [SI--19](#SD1){ref-type="supplementary-material"}).^[@R23]^ Metals such as barium (Ba), copper (Cu), and zinc (Zn) are closely linked to stormwater runoff because of their widespread use in construction and transportation activities.^[@R111]^ In this study, the median stormwater concentrations of Ba (16 *μ*g/L), Cu (5.5 *μ*g/L), and Zn (15 *μ*g/L) were lower than median concentrations reported in previous stormwater studies.^[@R112],[@R113]^ Other metal concentrations were also generally low in stormwater samples and maximum concentrations for Cd (0.37 *μ*g/L), Pb (2.1 *μ*g/L), arsenic (As, 3.2 *μ*g/L), nickel (Ni, 15 *μ*g/L), total mercury (Hg, 0.18 *μ*g/L), and Fe (325 *μ*g/L) did not exceed chronic ALB (0.72, 2.5,150, 52.0, 0.77, and 1000 *μ*g/L, respectively).^[@R77]^

In a recent review, rare earth elements (REEs) were described as an overlooked group of emerging contaminants that pose human and ecological health risks and warrant further assessment of potential impacts on surface water and groundwater systems.^[@R114],[@R115]^ The use of REEs is expected to continue to increase due to their importance in many emerging industries, including the alternative energy sector (i.e., wind turbines, electric cars, solar panels). The REEs consist of 14 elements with similar charge and ionic radius and have been widely used as geochemical indicators of hydrogeological processes.^[@R116],[@R117]^ Measurements of REEs in stormwater can be especially useful for identifying natural versus anthropogenic sources of contaminants.^[@R115],[@R118]^ For example, anthropogenic gadolinium (Gd~anthro~) is a synthetic organic Gd complex used in medical diagnostics,^[@R119],[@R120]^ and a Gd~anthro~/Gd~background~ ratio \>1.5 is a useful indicator of municipal wastewater effluent contribution.^[@R120]^ Based on ratios from samples in this study, the presence of wastewater was greatest at the CA2-I and IN sites and to a lesser extent at sites NY-I, MI, and AZ1 ([Figure SI--9](#SD2){ref-type="supplementary-material"}). The analysis of REEs to indicate municipal wastewater coupled with frequent detection of pharmaceutical waste indicators (metfor-min, acetaminophen, and lidocaine) in the current study supports previous research that stormwater is often contaminated with human waste.^[@R68]^

Even though total Hg was measured in stormwater samples at low concentrations that ranged from 0.004 to 0.18 *μ*g/L (well below the 0.77 *μ*g/L chronic ALB), stormwater remains a substantial source of Hg and could pose negative implications for SCMs that favor methylation of inorganic Hg to MeHg ([Table SI--18](#SD1){ref-type="supplementary-material"} and [Figure SI--10](#SD2){ref-type="supplementary-material"}). MeHg is a highly toxic bioaccumulative neurotoxin that is widely recognized as a concern in surface waters, natural wetlands,^[@R121],[@R122]^ and more recently in stormwater retention ponds and constructed wetlands.^[@R17]^ MeHg was measured in 90% of stormwater samples at concentrations that ranged from 0.05 to 1.0 ng/L ([Table SI--18](#SD1){ref-type="supplementary-material"}, [Figure SI--10](#SD2){ref-type="supplementary-material"}). The median MeHg concentration for this national study of urban stormwater (0.19 n g/L) was similar to medians reported in a national study of U.S. streams (0.11 ng/ L)^[@R123]^ and streams draining abandoned Hg mines (0.04 ng/ L).^[@R124]^ Total Hg and MeHg concentrations observed in this study suggest that SCMs that incorporate stormwater retention ponds or constructed wetlands should consider the potential exposure implications in these environments.

Implications for Environmental Receptors and Storm-water Reuse. {#S12}
---------------------------------------------------------------

This national-scale study provides the most comprehensive representative snapshot of the urban storm-water-contaminant profile derived from randomly sampled sites and sampling days from across the U.S. to date. The effects from exposure to complex organic and inorganic contaminant mixtures at low concentrations are poorly understood, and a range of potential mixture effects are possible even when each individual chemical is present in a mixture at low concentrations determined not to have individual effects.^[@R79],[@R81],[@R82]^ Many organic and inorganic chemicals detected in the untreated stormwater samples in the present study are known to persist in the environment and, therefore, might be of priority concern for stormwater SCMs or municipal reuse and in terms of potential biological exposures and effects to receiving streams. This study underscores the need for continued assessment of exposures and potential synergistic effects of contaminant mixtures in storm-water, potential contaminant source tracking and mitigation methods, and studies of the fate, transport, and persistence of stormwater contaminants infiltrated to groundwater.
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